The synthesis of molybdenum (0) These findings helped to explain the different catalytic performances obtained.
Introduction
The organometallic chemistry of molybdenum dates back to the mid 1930s when Hieber and co-workers described the thermal substitution of CO ligands in Mo(CO) 6 to give octahedral Mo 0 derivatives of the type Mo(CO) x (L) y .
1 The physical properties of one of these compounds, cis-[Mo(CO) 4 (bipy)] (bipy ¼ 2,2 0 -bipyridine), were investigated much later by Stiddard, 2 and the molecular structure of this complex was determined only recently. 3 Since the report by Stiddard, much attention has been given to molybdenum(0)-diimine-tetracarbonyl complexes containing bidentate ligands (N-N) such as bipyridines, 3, 4 phenanthrolines, bidentate diimines such as bipy are relatively poor p-acceptors, thereby strengthening the remaining Mo-C bonds in the intermediate. 11 To the best of our knowledge, the direct synthesis of anionic complexes [Mo(CO) 3 
(N-N)(X)]
À from molybdenum hexacarbonyl has never been reported. Carbonyl-diimine complexes of Mo 0 , especially the tetracarbonyl derivatives, have been intensively studied due to their rich electronic absorption spectra, photophysics, and photochemistry. 12 Tetracarbonyl derivatives are strongly colored due to an intense Mo / diimine metal-to-ligand charge-transfer (MLCT) absorption band in the visible spectral region. The low-lying MLCT excited state is associated with several interesting phenomena such as negative solvatochromism, 6a,12c-e second-order nonlinear optical responses, 12f,g luminescence, 12a-c and photochemically induced CO substitution. 12a,h,i Aside from their photo-properties, Mo carbonyl diimine complexes possess other interesting features and have been studied as COreleasing molecules for therapeutic applications, 13a catalysts for the electrochemical reduction of CO 2 , 13b-d initiators for the polymerisation of methyl methacrylate, 13e alkylation of allylic acetates, 5b and precatalysts for the epoxidation of olens. 4a,8 In the latter case, the catalyst precursors undergo oxidative decarbonylation (OD) by reaction with an oxidant to give oxomolybdenum(VI)-diimine compounds, the structures of which vary according to the nature of the organic ligand. With tetracarbonyl precursors, structurally characterised OD products include tetranuclear [ 0 -di-tert-butyl-2,2 0 -bipyridine), 4a and the one-dimensional (1D) molybdenum oxide/bipyridine polymer [MoO 3 (bipy)].
4a
As part of our continuing interest in pyrazolylpyridine ligands, we have prepared the cationic derivative 2-(1-propyltrimethylammonium-3-pyrazolyl)pyridine bromide ([ptapzpy]Br). The introduction of cation-bearing ligands into transition metal complexes can help improve solubility in polar solvents or target the complexes for immobilisation in solid supports with charged frameworks and/or functional groups. The reaction of [ptapzpy]Br with Mo(CO) 6 unexpectedly yielded the charge-neutral zwitterionic complex [Mo(CO) 3 (ptapzpy)Br] rather than the tetracarbonyl derivative cis-[Mo(CO) 4 (ptapzpy)] Br. For comparison, the latter complex was prepared by a different route and the molecular structures of both complexes have been determined. OD of the complexes with tert-butylhydroperoxide (TBHP) is shown to give a hybrid molybdenum oxide/organic material. The catalytic behavior and chemical transformations of all compounds in the epoxidation of cis-cyclooctene have been studied using TBHP or H 2 O 2 as oxidant.
Results and discussion

Synthesis and characterisation
The ligand [ptapzpy]Br was prepared by deprotonation of 2-(3-pyrazolyl)pyridine followed by addition of (3-bromopropyl) Fig. 1a) . In 1, the neutral tricarbonyl complex crystallised with one CH 3 CN molecule of crystallisation in the monoclinic space group P2 1 (Fig. 1b) , while in 2 the cationic tetracarbonyl complex crystallised jointly with one Br À counterion and one uncoordinated CH 3 CN molecule in the triclinic space group P 1 (Fig. 1c) .
A striking feature of the crystal structure of [ptapzpy] Br is that the pyrazolylpyridine group adopts a cisoid conformation with respect to the pyridine and pyrazole nitrogen atoms. In analogy with the situation usually encountered with uncoordinated 2,2 0 -bipyridine derivatives in the solid-state, uncoordinated pyrazolylpyridine ligands typically adopt a transoid conformation, i.e. the two rings are rotated along the central C5-C6 bond, thereby minimising repulsion between the lone pairs of the nitrogen atoms and between the protons H-4 and H-8. Crystal packing effects together with a complex network of weak intermolecular interactions (involving the bromide anion) may be responsible for this rare conformation of ptapzpy in the solid-state. In complex 1, the Mo 0 centre coordinates to three carbonyl groups, one N,N-chelating pyrazolylpyridine ligand and one bromide anion, leading to a distorted octahedral coordination geometry with wide ranges for the bond lengths and internal bond angles (Fig. 1d) . The bond lengths range from 1.894(7)Å (Mo-C) to 2.7476(10)Å (Mo-Br). Furthermore, the cis angles range between 72.13(19) and 101.9 (3) , while the trans angles are found in the range of 172.9(3)-174.63(19) .
The main crystallographic features of the {MoC 4 N 2 } core of complex 2 are consistent with those observed in the handful of structures reported containing molybdenum tetracarbonyl complexes with chelating 2-(3-pyrazolyl)pyridine residues.
18 The Mo 0 centre is coordinated by four carbonyl groups and one N,Nchelating pyrazolylpyridine ligand, originating a distorted pseudo-octahedral geometry as conrmed by the distinct Mo-C and Mo-N bond lengths (Fig. 1e) . The Mo-C bond lengths of the axial carbonyl groups (2.026 (3), 2.042(3)Å) are longer than those for the equatorial groups (1.946 (2) A full account of the supramolecular interactions (hydrogen bonding, p/p contacts, C-H/acceptor) and crystal packing arrangements in the crystal structures of [ptapzpy]Br, 1$CH 3 CN and 2$CH 3 CN is given in the ESI. †
Oxidative decarbonylation
Oxidative decarbonylation of 1 was carried out by the dropwise addition of TBHP (10 equiv.) to a suspension of the complex in CH 2 Cl 2 . Aer stirring at room temperature for 4 h, an off-white solid ( Powder XRD (PXRD) showed that the solid was amorphous, with only a few very broad overlapping diffraction peaks being observed in the 2q range of 5-30 (Fig. S3 †) . The FT-IR and Raman spectra for 3 conrmed that complete decarbonylation had occurred during the reaction of 1 with the oxidant since no bands were observed in the carbonyl stretching region (1700-2020 cm
À1
; Fig. S4 †) . On the other hand, the spectra retained the characteristic ligand modes of ptapzpy in the range of 1000-1650 cm À1 , matching closely the bands observed for 1 and therefore indicating that the ligand is coordinated in a bidentate fashion to Mo centres. The structural integrity of the organic ligand in 3 was veried by comparing its 20 The structure of the bipy hybrid consists of 1D chains built up from alternating {MoO 4 } tetrahedra and pairs of corner-linked {MoO 4 N 2 } octahedra.
19a Catalytic epoxidation
Compounds 1-3 were tested for catalytic epoxidation with TBHP [decane solution (TBHP D ) or aqueous solution (TBHP A )], at 55 C, using cis-cyclooctene (Cy) as a benchmark substrate for olens (Scheme 2). The three compounds led to 1,2-epoxycyclooctane (CyO) as the main product (Table 1) . With 1,2-dichloroethane (DCE) as cosolvent and TBHP D as oxidant, complex 1 led to a higher conversion at 24 h than 2 or 3 (39% compared with 22 and 17%, respectively). On the other hand, 1 led to lower CyO selectivity (71%) than 2 or 3 (86-88%), at 17-22% conversion (Fig. 2) ; byproducts included 2-cycloocten-1-one and others that were not clearly identied. Without catalyst, conversion was less than 10% at 24 h. The system TBHP D / DCE led to better results than TBHP A /CH 3 CN, in the presence of 1: 27% and 17% CyO yield, respectively, at 24 h. These contrasting performances may be partly due to differences in dissolution rate and solubility of the molybdenum compounds. The catalytic results were improved when no organic cosolvent was added: 87-95% CyO selectivity at 40-54% conversion, 24 h. Under these conditions, 1 and 2 display similar performance, leading to about 48% CyO yield at 24 h. For comparison, the complex cis-[Mo(CO) 4 (pzpy)] containing the unsubstituted organic ligand led to 78% epoxide yield under equivalent reaction conditions. 8a The catalytic results for 1 and 2 are intermediate between those reported in the literature (for similar reaction conditions: no cosolvent, 55 C) for complexes of the type [Mo(CO) n (L)] containing chelating N-heterocyclic carbene (L) ligands (entries 6 and 7 of Table S3 in the ESI †), which led to 9-16% conversion at 24 h, 21 and those for [Mo(CO) 4 (pyim)] (pyim ¼ N-(n-propyl)-2-pyridylmethanimine), which led to 100% conversion at 5 h (entry 5 of Table S3 †).
22
The catalytic system 2/TBHP was further investigated for the epoxidation of styrene (which possesses a terminal C]C bond) and DL-limonene (which possesses endocyclic and exocyclic C]C bonds), at 55 C, without additional solvent. Compound 2 led to 20%/39% styrene conversion at 6 h/24 h, and the main reaction products were styrene oxide and benzaldehyde formed with 52%/64% and 42%/31% selectivity, respectively. These results demonstrate the ability of 2/TBHP for the epoxidation of terminal C]C bonds, which are electron-richer. The reaction of DL-limonene gave mainly limonene-1,2-oxide formed with 70%/71% selectivity at 23%/43% conversion, aer 6 h/24 h, respectively. These results suggest regioselectivity effects in favour of the epoxidation of the endocyclic C]C bond over the exocyclic one. Other reaction products were formed via allylic oxidation, leading to alcohol and carbonyl derivatives of p-mentha-1,8-diene. 8a Biphasic solid-liquid mixtures were also obtained for the systems (1, 2 or 3)/TBHP D . Attempts to isolate metal species from the colourless liquid phases were unsuccessful, suggesting that the concentration of dissolved species aer a 24 h batch run was either negligible or very low. The low solubility of the metal species is probably one reason for the poor catalytic results obtained with these systems. Accordingly, for the system 2/TBHP D (no cosolvent), a 1.5-fold increase in the catalyst amount (i.e. from ca. 0.9 mol% to 1.3 mol%) did not improve the epoxide yield (Table 1) . This is because the catalytic reaction is homogeneous in nature and, for both catalyst amounts (which lead to biphasic solid-liquid reaction mixtures), the reaction mixtures are saturated with metal species.
Characterisation of the off-white solid phases i-S-TBHP D (i ¼ 1-3; cosolvent ¼ DCE) by ATR FT-IR spectroscopy indicated that 1-3 were converted to different types of metal species (Fig. 3) attributed to the charge-balancing organic cation ptapzpy. CHN . PXRD data for this solid, designated as compound 4 in Scheme 1, showed that the material is microcrystalline (Fig. S6 in 
This with 3 (Table 1) , presumably due to enhanced decomposition of the oxidant. The differences in catalytic results for TBHP or H 2 O 2 as oxidant may also be partly due to differences in catalyst stability. The system 1/H 2 O 2 consisted initially of a yellow solution which changed with time into a biphasic solid-liquid mixture, where the liquid phase was colourless (attempts to isolate metal species from this phase were unsuccessful) and the solid was off-white. The FT-IR spectrum of the recovered solid 1-S-H 2 O 2 (at 24 h) indicated that it was a salt of the type (L) x [Mo 8 O 26 ] (similar to that veried for the systems (1-3)/ TBHP) (Fig. 3c) . For 2/H 2 O 2 and 3/H 2 O 2 the reaction mixture consisted of yellow liquid phases and no undissolved solid. The conversion of 2 and 3 to a different, highly soluble Mocontaining species may explain the superior catalytic results obtained for these systems. For 3/H 2 O 2 , a yellow solid was isolated from the liquid phase (3-L-H 2 O 2 ), which exhibited a different ATR FT-IR spectrum from those of 3 and the recovered solids discussed above (Fig. 3k) . The yellow colour is typically indicative of oxoperoxomolybdenum(VI) species. Accordingly, bands in the IR spectrum of the recovered solid may be assigned as
and n(Mo(O 2 ) 2 ) at 663, 585 and 530 cm À1 . An additional strong and broad band at 732 cm À1 may be due to a Mo-O-Mo stretching vibration, suggesting the presence of a polynuclear species. From the characterisation studies, it seems that 1 possesses a different reactivity with H 2 O 2 than 3, being converted to different types of metal species.
Conclusions
Two distinct synthetic pathways (both starting with Mo(CO) 6 ) have been established for the synthesis of molybdenum(0) tricarbonyl and tetracarbonyl complexes containing a bidentatecoordinated pyrazolylpyridine ligand. The complexes display moderate activity when applied as (pre)catalysts for the epoxidation of cis-cyclooctene with TBHP, which can be attributed to the in situ formation of poorly soluble b-octamolybdate salts. Better results were obtained with H 2 O 2 as oxidant and the tetracarbonyl precatalyst, despite signicant non-productive decomposition of the oxidant. The active species are yellow oxoperoxo-molybdenum(VI) species formed by the oxidative decarbonylation of the precursor. Treatment of the carbonyl precursors with TBHP in the absence of olen gave a molybdenum oxide-organonitrogen hybrid material with a substructure that is proposed to consist of {MoO 4 } tetrahedra and {MoO 4 N 2 } octahedra. Work is ongoing to isolate a more crystalline form of this hybrid and determine its structure.
Experimental
Synthesis 2-(1-Propyltrimethylammonium-3-pyrazolyl)pyridine bromide ([ptapzpy]Br). 2-[3(5)-Pyrazolyl]pyridine (2.00 g, 13.78 mmol) was added slowly to a suspension of NaH (0.5 g, 20.8 mmol) in THF (40 mL), resulting in a yellow mixture. A solution of (3-bromopropyl) trimethylammonium bromide (3.60 g, 13.79 mmol) in acetonitrile (90 mL) was added dropwise and the mixture stirred under reux for 4 h, resulting in a yellow solution and a white precipitate. The mixture was evaporated to dryness under reduced pressure. The residue was extracted with CHCl 3 (4 Â 50 mL) and the combined extracts were evaporated to dryness under reduced pressure, giving a brown oil. The oil was washed with diethyl ether (50 mL) and then dissolved in acetone (50 mL). Diethyl ether (50 mL) was added to precipitate the product, which was ltered, washed with diethyl ether/acetone, and nally vacuum-dried to give the ligand [ptapzpy] Br as a cream solid. Yield: 2.0 g, 45%. Anal. calcd for C 14 H 21 -BrN 4 $1.6H 2 O (354.07): C, 47.49; H, 6.89; N, 15.82. Found: C, 47.60; H, 6.45; N, cm 8.63 (d, 1H, H-11), 7.83 (td, 1H, H-8), 7.73 (dt, 1H, H-9), 7.64 (d, 1H, H-5), 7.24 (ddd, 1H, H-10), 6.84 (d, 1H, H-4) with stirring, for 30 min. The solvents were evaporated under reduced pressure, and the resultant red solid was washed with hexane (2 Â 7 mL) and ethanol (2 Â 7 mL , 4.26; N, 9.86. Found: C, 29.51; H, 4.47 ; N, 9.99%. TGA (Fig. S2 †) 
Catalytic tests
The typical epoxidation experiments with TBHP (in decane or aqueous solution) were carried out in 10 mL borosilicate batch reactors possessing a valve for sampling. Reaction mixtures were stirred magnetically (1000 rpm, PTFE-coated stirring bar) and heated to 55 C with a thermostatically controlled oil bath.
The reactors were charged with the (pre)catalyst (amount equivalent to 16 mmol Mo), cis-cyclooctene (1.8 mmol), and a cosolvent [1 mL of 1,2-dichloroethane or CH 3 CN, or 0.3 mL of an ionic liquid (IL)]. The reactor containing the catalyst, olen and cosolvent was preheated for 10 min at the reaction temperature. In a separate ask, the oxidant was preheated in a similar fashion, and subsequently added to the reactor to give a Mo : Cy : oxidant molar ratio of 1 : 113 : 172; this was marked as the initial instant of the catalytic reaction. Catalytic tests using 30 wt% aq. H 2 O 2 as oxidant were carried out using tubular borosilicate batch reactors with pear-shaped bottoms (ca. 12 mL capacity), equipped with a PTFE-coated magnetic stirring bar (1000 rpm) and a valve for (un)charging of the reactor. Catalyst (16 mmol Mo), Cy (1.8 mmol), CH 3 CN (1 mL) and H 2 O 2 (Mo : Cy : oxidant molar ratio of 1 : 113 : 172) were added to the reactor, which was subsequently immersed in an oil bath heated to 55 or 70 C.
Separate catalytic experiments were carried out for each reaction time.
The reaction mixtures were analysed by using a Varian 3900 GC equipped with a DB-5 capillary column (30 m Â 0.25 mm Â 0.25 mm) and a FID detector, with H 2 as the carrier gas. The concentrations of reactant and products were determined using the internal calibration method, i.e. based on calibration curves with undecane as internal standard. The FID response was linear in the range of concentrations used for the calibration curves and sample analysis. Using the internal calibration method the determined concentrations of Cy and CyO are reliable (experimental range of error of ca. 6%), i.e. the conversion values account for substrate consumption irrespective of the types of products formed being detected or not by GC. The reactant/products were identied using GC-MS (Trace GC 2000 Series Thermo Quest CE Instruments GC; Thermo Scientic DSQ II), using He as the carrier gas.
Iodometric titrations were carried out in order to quantify the non-productive decomposition of the oxidants (TBHP or H 2 O 2 ). The reactors containing the (pre)catalyst, solvent and oxidant, without substrate, were heated at 55 C for 24 h. Aer cooling the reactors to ambient temperature, liquid samples were withdrawn for titration. For reaction mixtures which were biphasic solid-liquid, the solid phase was separated from the catalytic reaction mixture by centrifugation (3500 rpm), washed with organic solvents (pentane, hexane, ethanol and/or acetone), dried overnight under atmospheric conditions, and subsequently under vacuum (ca. 4 mbar) for 1 h at 60 C. 
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